Circular dichroism spectroscopy is an essential technique for understanding molecular structure and magnetic materials, but spatial resolution is limited by the wavelength of light, and sensitivity sufficient for single-molecule spectroscopy is challenging. We demonstrate that electrons can efficiently measure the interaction between circularly polarized light and chiral materials with deeply sub-wavelength resolution. By scanning a nanometer-sized focused electron beam across an optically-excited chiral nanostructure and measuring the electron energy spectrum at each probe position, we produce a highspatial-resolution map of near-field dichroism. This technique offers a nanoscale view of a fundamental symmetry and could be employed as "photon staining" to increase biomolecular material contrast in electron microscopy. arXiv:2003.05054v1 [physics.optics] 
Chirality, defined as the absence of symmetry under spatial inversion, is central to a number of open scientific questions and technologically relevant materials, including the biochemistry of life 1 , the weak force and its potential connection to the chirality of biomolecules 2 , magnetic skyrmions 3 , and metamaterials 4, 5 . Tools to probe chirality allow us insight into these phenomena; the first structural information about organic compounds came through studying the rotation of linearly polarized light in glucose solutions 6 . The Kramers-Kronigrelated technique, circular dichroism (CD), is based on differences in absorption or scattering of circularly polarized light.
CD spectroscopy is widely employed to understand microscopic structure. X-ray magnetic circular dichroism 7,8 is a routine method for nanoscale magnetic domain imaging 9 . In biochemistry, circular dichroism spectroscopy serves as a molecular structural fingerprinting technique: the combination of local structural chirality and an optical transition necessary to produce a peak in a CD spectrum is more selective than just an optical transition 10 .
Distinct kinds of molecular structural information are accessible through circular dichroism depending on the wavelength range. Secondary structure, e.g. α-helices and β-sheets, small collections of hydrogen bonds that constitute segments of proteins, produce distinguishable far-UV CD spectra 11 . Near-UV CD spectra are sensitive to tertiary structure, the global arrangement of all of the segments 12 . Vibrational circular dichroism can retrieve structural information in conjunction with DFT calculations 13 .
These far-field circular dichroism techniques have some limitations. Because of the diffraction limit, spatial resolution is tied to the wavelength of light. The chiral contribution to molecular absorption is many orders of magnitude smaller than the non-chiral contribution; limited sensitivity necessitates the use of large ensembles of molecules 10, 14 . One potential route toward higher sensitivity is to enhance the chiral part of optical absorption with spatially-structured fields [14] [15] [16] [17] [18] [19] . Another option is to measure near fields. Scanning near-field optical microscopy can be employed to measure near-field circular dichroism at surfaces, but resolution and bandwidth are limited by the tip, and care must be taken to preserve polariza-tion 20,21 . Photoemission electron microscopy can measure optical near fields with high spatial and temporal resolution [22] [23] [24] [25] [26] [27] and illuminate spin-dependent plasmon dynamics [28] [29] [30] ; the technique is also commonly used in conjunction with x-ray magnetic circular dichroism 31, 32 .
Cathodoluminescence polarimetry is a promising new approach to probe optical interactions with nanometer resolution and access to polarization 33 . Dichroism via exchange of electron orbital angular momentum and energy offers similar information without light [34] [35] [36] [37] .
Measurement of externally-pumped optical near fields is possible in transmission electron microscopes. Although free-space absorption or emission of a photon by an electron is forbidden as it cannot conserve both energy and momentum, electrons in optical fields adjacent to or inside materials can exchange quantized momentum and energy with the field 38,39 .
Barwick et al. employed this interaction to map optical near fields driven by laser illumination of the specimen, called photon-induced near-field electron microscopy (PINEM) 40 . As near fields in an ultrafast transmission electron microsope can be sufficiently strong that the probability for an electron to lose or gain one or more units of photon energy is higher than the probability to exchange no energy [41] [42] [43] , PINEM is a highly sensitive probe of optical near fields and has been employed to image single-atom-high step edges 44 , proteins 45 , cells 46 , and nanoparticles 47 . While most applications of PINEM so far have relied on ultrashort electron and optical pulses to increase the strength of the optical field, the same interaction is possible with a continuous electron beam 48, 49 . In this work, we demonstrate a near-field circular dichroism technique based on inelastic electron-light scattering. A unitless parameter β characterizes the local strength of the coupling between the near field and the electron beam 41, 42, 50 , where
depends on transverse electron beam position r ⊥ , electron velocity ve, and the longitudinal component of the local electric field in or near the material E z (r, σ, ω ph ). This field depends on optical illumination helicity σ and photon energy ω ph . The exchange of m quanta of energy with the optical field produces an electron energy distribution with a series of peaks at energies separated by ω ph with probabilities P m = |J m (2|β|)| 2 41-43 (see Supplemental page 5 for a more detailed description of the resulting spectra). A calculated example spectrum is shown in Fig. 1a .
Because electron beams can be focused to sub-nanometer spots in modern electron microscopes, this interaction probes the optical response of materials with nanometer spatial resolution. Electron near-field circular dichroism (ENFCD) then can be defined as the normalized difference in β measured with left-and right-circularly polarized light.
Spatial variations in ∆ offer insight into the microscopic origins of chiral optical responses.
Access to this information is not available at high spatial resolution through far-field circular dichroism, where the response is typically modeled with a small number of dipole transition moments 51 . This contrast mechanism can be employed for "photon staining" to boost contrast on biomolecular materials that only weakly scatter electrons.
We measured ENFCD on a prototypical chiral specimen that exemplifies this non-dipolar spatial variation, as shown in Fig. 1b . We prepared two nearly identical spirals of opposite handedness by FIB milling a 1 µm-thick gold slab. As the chirality in this specimen arises from geometry, we numerically calculated ENFCD in these structures based on frequencydomain finite element simulation of the optical fields with the COMSOL Multiphysics package. The simulations ( Fig. 2b) show that the spatial average of β inside the hole in the structure strongly depends on the optical helicity, and the relationship flips with the structure's handedness. In order to better understand the physical origins of spatial variations in ENFCD, we also developed a model for the optical response of the specimen, which we describe in more detail below and on Supplemental page 7. The model ( Fig. 2a ) also shows a helicity-dependent average β
We performed these measurements using the Göttingen JEOL 2100F ultrafast transmis-sion electron microscope 52 . Circularly polarized 5 ps, 42 nJ optical pump pulses with 800 nm central wavelength illuminated the specimen at nearly normal incidence with a 600 kHz repetition rate, as shown in Fig 1a. We raster-scanned 1 ps electron probe pulses focused to a spot size smaller than 10 nm over the hole in the spiral structures. An electron energy-loss spectrometer recorded an electron spectrum at each probe position, and we measured β from each spectrum. The resulting experimental maps of β σ (r ⊥ ), shown in Fig. 2c , agree with simulations regarding the relationship between structure and illumination handedness but show more spatial variation than both the model ( Fig. 2a ) and simulations (Fig. 2b) . The Figure 1 : (a) Schematic of the experiment. The probe electron pulse (e − , green) and circularly polarized optical pulse (CPL, red) are nearly colinearly incident on the specimen (AuSp, gold). Coupling to the optical field produces electron energy sidebands that are measured in an electron energy-loss spectrometer (EELS, black). Measurement of this coupling, |β σ |(r ⊥ ), at each electron probe position produces a spatial map. (b) Scanning electron micrograph of the specimen measured in Fig. 2 , 400 nm pitch, 800 nm outer diameter spirals of opposite handedness milled into a 1 µm-thick gold slab with a 100 nm diameter hole. Insets show PINEM maps with left-circularly polarized light, as shown in Fig. 2c .
We considered two ways to interpet the spatial variations in ENFCD. First, for molecules or other specimens with a finite number of electronic transitions with limited coupling between them, it may be possible to match measured ENFCD maps with a model based on where σ is the helicity of the exciting light. The resonant dependence of the coupling constant on pitch as a function of λ e−ph suggests that we can boost the strength of dichroism, and therefore structural information obtained, by tuning either the electron kinetic energy or the optical wavelength. We have a recipe for maximization of the coupling constant and ENFCD for specimens with helical structural components such as α-helices or chiral plasmonic structures 54-60 . Specifically, by first setting the optical wavelength to known optical resonances and then tuning the electron energy to match λ e−ph to the helical pitch d of the structure. For example, for helical assemblies of semiconducting particles with a 390 nm pitch and a peak in optical circular dichroism at ∼ 690 nm 61 , resonant coupling occurs at 108 keV. This resonant coupling and high spatial resolution could be employed to image the assembly of helical nanostructures 55,57,58,62,63 in situ, or to visualize optical coupling between molecules and nanostructures for molecular sensing 64, 65 . It may be possible to produce stronger dichroism using these two knobs than is possible in a linear optical technique where the light wavelength at which absorption occurs is far from the characteristic length scales associated with chirality.
We have demonstrated a technique to measure circular dichroism in optical near fields with nanometer resolution. The spatially varying near-field dichroism we measure offers nanoscale detail not accessible through far-field optical circular dichroism. More information will be available with ENFCD spectroscopy, using a range of optical pump wavelengths to measure the full spatial and spectral response of a specimen. The available wavelength range is limited only by the laser source and optics used to illuminate the sample and can therefore be very broad. On the other hand, it may be possible to achieve single-molecule sensitivity over a limited wavelength range with the Purcell effect through coupling of molecular electronic states to the substrate or nanostructures. The local nature of our measurement means that coupling to an electric dipole is sufficient to enhance sensitivity 66 . As inelastic electron-light scattering is coherent, further sensitivity through interferometric measurement of the coupling constant is possible [67] [68] [69] . Temporal resolution is also available with ENFCD.
The probe pulses we used in this work always arrived at the peak of the optical pump pulses, but temporal measurement of long-lived optical excitations in chiral materials is straightforward by varying probe-pulse arrival time. Chiral magnetization, polarization or structural dynamics could be probed with ENFCD using a first optical pulse to pump the specimen and a second, weaker optical pulse overlapped with the delayed probe pulse. Access to nanoscale near-field circular dichroism spectra enables high-spatial-resolution characterization of threedimensional structure with straightforward extension to temporal resolution and possibilities for single-molecule sensitivity.
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Abstract
In the supplementary material, we show further measurements of electron nearfield circular dichroism and linear dichroism measurements and detail our polarization calibration procedure. We describe the procedure we used in finite-element simulations.
Finally, we calculate the coupling constant for inelastic electron-photon interactions with oscillating electric and magnetic dipoles, and then model our specimen with a 1D polarizability.
Additional Dichroism Measurements
To demonstrate the robustness of electron near-field circular dichroism, recorded circular and linear dichroism measurements on a wide array of FIB-milled spirals with both 400 nm and 800 nm pitch and varying through-hole diameters. The data consistently show positive circular dichroism for left-handed spirals with 400 nm pitch and negative circular dichroism for right-handed spirals (Fig. 1) . For 800 nm pitch spirals, we see positive dichroism for right-handed spirals and negative dichroism for left-handed spirals (Fig. 2) .
We define linear dichroism as we did circular dichroism in Equation 2 in the main text:
where H signifies illumination with horizontally-polarized light (where horizontal here means the horizontal direction in all images we show), and V signifies illumination with vertically-polarized light. The spatial average of linear dichroism ∆ ↔ on structures with cylindrical symmetry must be zero, just as the spatial average of circular dichroism ∆ on non-chiral structures must also be zero.
The pitch dependence we see for circular dichroism also appears in the linear dichroism measurements. As expected, we see in Fig. 3 nearly identical linear dichroism on left-and right-handed spirals, but the sign of the linear dichroism flips when spiral pitch is increased to 800 nm.
Polarization calibration
As the optical pump path includes three mirrors between the quarter-and half-wave plate we used to define the pump polarization and the specimen, we measured the Jones matrix of these three optical elements in order to produce circular polarization at the specimen. To do so, we recorded PINEM maps in a 0.6 µm by 0.6 µm area at the corner of a silicon nitride window on a silicon frame. The two nearly-othogonal edges respond most strongly to linear polarization perpendicular to the edge, and a small region in the corner is sensitive to the relative phase of the two orthogonal linear polarizations 1 .
We recorded spatial maps of the coupling constant for a total of 162 combinations of quarter-wave plate and half-wave plate angles evenly spaced between −90 and 90°and −45 and 45°, respectively. We found the Jones matrix that minimized least-squares error between our predicted PINEM maps and measured maps for all waveplate points.
We then used this reconstructed Jones matrix to identify waveplate angles that produce left-and right-circular polarization at the specimen.
Coupling constant measurement
In the presence of inelastic electron-light interaction with coupling constant β, the electron's probability for gain or loss of m quanta of photon energy and momentum
where J m is the mth-order Bessel function of the first kind. When the initial electron energy distribution n(E) is dominated by incoherent fluctuations, the probability distribution for the energy of an electron is
where ψ f (E) is the coherent electron wavefunction after inelastic electron-light interaction, and ⊗ denotes a convolution in energy. The measured energy spectrum of an average of N e electrons per spectrum in the presence of spatial or temporal averaging of the coupling constant is
where n(E −E 0 ) is the electron energy distribution measured in vacuum, also known as the zero-loss peak, E 0 is the apparent energy offset of the spectrum on the spectrometer camera, ⊗ here denotes a convolution in coupling constant, and the distribution
accounts for spatial or temporal averaging of the coupling constant with a width ∆β.
We cut off the convolution at β = 0 since the energy distribution we measure depends only on |β|.
We measured the coupling constant at each spatial position by least-squares minimization of the difference between the measured electron energy spectra and this model.
Finite element method simulations
We used the COMSOL Wave Optics Module 5 to find a numerical solution for the optical near-field of the spiral structures milled into gold. In particular, we used the scattered field formulation in the frequency domain and divided the simulation into two parts as explained in reference 6 . This method has, for instance, been applied by conditions for the sides. The second step employs the solution of the first step as a background field to calculate the scattered field from interaction with the spiral with perfectly matched layer boundary conditions. We use a mesh size in both steps such that the maximum distance between two vertices is always less than a sixth of the excitation wavelength in air and a tenth of the wavelength in the gold structure.
We numerically calculate the coupling constant β based on the calculated z-component of the electric field 1 , for electrons propagating in theẑ direction according to Equation
where the frequency of the optical field is ω ph = 2πc λ , with λ = 800 nm, and the electron velocity is v e = c 1 −
with electron energy E = 200 keV, electron mass m e and speed of light c. We scaled the intensity to match the magnitude of β measured in experiment, as we measure incident power outside the electron microscope and the spot profile at the specimen is not rigorously characterized.
Models for dichroism maps
In this section, we develop two models to explain dichroism in the coupling constant.
First, we describe the coupling constant produced by oscillating electric and magnetic dipoles. Then, we construct a model for the specimen we considered in this paper by treating the inner edge of the hole in the spiral as a 1D magnetic polarizability.
Electron coupling to an electric dipole
Following a similar procedure as described elsewhere, 8 we write the electric field produced at a position r by an electric dipole p located at r 0 and oscillating with frequency ω ph using Einstein summation convention as
where k = ω ph /c. Using this field in Eq. (6), we find
where q = ω ph /v e , γ e = 1/ 1 − v 2 e /c 2 , and d ⊥ = r 0⊥ − r ⊥ .
Electron coupling to a magnetic dipole
The electric field procuced by a magnetic dipole m is
which, upon insertion in Eq. (6), produces a coupling coefficient
Set of magnetic and electric dipoles
For a set of electric and magnetic dipoles p i and m j at positions r 0i and r 0j ,
The coupling constant map for a small molecule with a set of discrete electronic transitions should be modeled well outside the molecule by Eq. (11) . We can see that,
as is the case for far-field light 9 , non-orthogonal electric and magnetic dipole transition moments with a π/2 phase difference will produce ENFCD.
1D polarizable helix
As the optical properties of the specimens we used are not dominated by a small number of electronic transitions, we sought to model the structure with a one-dimensional shape with magnetic and electric polarizability. At the 800 nm optical wavelength we used, the optical response of gold can be treated as a good conductor with a small skin depth compared with the size of the hole in the spiral. We do not expect strong resonant
plasmons in this open structure, and the hole size is also below the threshold needed to sustain a guided mode 10 . We therefore could apply past work on holes drilled in perfect conductors, which are known to produce an optical response consisting of an in-plane magnetic dipole and an out-of-plane electric dipole 11 .
We treated the inner edge of the hole in our gold spirals as a set of magnetic dipoles 2 pointing parallel to the edge. We therefore defined a magnetic polarizability per unit length M along the inner edge of the hole in the spiral. The magnetic dipole induced by an external optical magnetic field H acting on an element of edge length dl is dm = M dl(H ·t)t, wheret is the unit vector along the edge at the position 2 As the hole diameter in our spirals is much smaller than the wavelength, the optical behavior is dominated by a quasistatic magnetic response. under consideration. For simplicity, we fit the value of M so that for a planar hole of radius a the total induced dipole (i.e., integrated along along the circular edge) matches the result obtained for a deep hole drilled in a perfect conductor 11 , which leads to M = 0.0475 a 2 .
We numerically integrated the magnetic part of Equation (11) 
